Abstract: In the application of vehicle power supply and distributed power generation, there are strict requirements for the pulse width modulation (PWM) converter regarding power density and reliability. When compared with the conventional insulated gate bipolar transistor (IGBT) module, the Reverse Conducting-Insulated Gate Bipolar Transistor (RC-IGBT) with the same package has a lower thermal resistance and higher current tolerance. By applying the gate desaturation control, the reverse recovery loss of the RC-IGBT diode may be reduced. In this paper, a loss threshold desaturation control method is studied to improve the output characteristics of the single-phase PWM converter with a low switching frequency. The gate desaturation control characteristics of the RC-IGBT's diode are studied. A proper current limit is set to avoid the ineffective infliction of the desaturation pulse, while the bridge arm current crosses zero. The expectation of optimized loss decrease is obtained, and the better performance for the RC-IGBTs of the single-phase PWM converter is achieved through the optimized desaturation pulse distribution. Finally, the improved predictive current control algorithm that is applied to the PWM converter with RC-IGBTs is simulated, and is operated and tested on the scaled reduced power platform. The results prove that the gate desaturation control with the improved predictive current algorithm may effectively improve the RC-IGBT's characteristics, and realize the stable output of the PWM converter.
Introduction
The main feature of the pulse width modulation (PWM) converter is ensuring the high power factor and AC side sine wave current control on the target of the output DC voltage, as well as on the bidirectional power transmission. With the development of power semiconductor devices, the improvement of modeling and control strategy and sensing technology, the working performance of PWM converters is constantly improving. Electric rail transportation, uninterruptible power system (UPS), and a distributed power generation that is based on wind and solar energy storage have higher requirements on the power density, working temperature, cycle life, and reliability. The current research on PWM converters mainly concentrates on three aspects: new circuit topology, universality of the converter mathematical model, and control strategy [1] [2] [3] [4] [5] . Ref. [6] adopted a hybrid clamped five-level topology to successfully solve the non-uniformity of the DC capacitor voltage of the three-phase PWM converter. Ref. [7] gave a mathematical model of a single-phase PWM converter based on the unipolar modulation in the stationary coordinate and d-q coordinate. Refs. [8, 9] proposed the predictive current control to achieve zero steady-state error of the grid current, and greatly reduce its harmonic content. In addition, due to the fact that power devices are the cornerstone of the converter system, there have also been researches The operating characteristics of the RC-IGBT integrated diode are affected by the gate voltage, and the application of the gate voltage can change the flowing path and the recombination process of the carriers. The gate pulse voltage can affect the forward voltage drop of the integrated diode in RC-IGBT. As shown in Figure 2 , the V-I characteristic curves of the integrated diode at 25 °C and 125 °C working temperatures are given for different gate voltages. The arrow in the figure shows that the gate voltages are −15 V, 0 V, and 15 V, respectively. The greater the gate voltage, the higher the forward voltage drop across the same current level will be. In the two level PWM control, driving signal of the conventional IGBT was not considering the working state of the diode; otherwise, in the application of driving RC-IGBT, the diode conduction state should be detected to impose the low level gate voltage on the RC-IGBT for the aim of reducing the diode conduction loss [18, 19] . The low level gate voltage applied to the diode mode of the RC-IGBT could maintain the low diode conduction voltage drop, while the high level gate voltage could provide additional compound carriers for the diode reverse recovery to reduce the reverse recovery current. Before the reverse recovery process of the diode, a high level pulse is applied to desaturating the saturated diode temporarily. This pulse setting method is called the RC-IGBT diode desaturation control (RCDC). The desaturation pulse control is based on several key factors, such as the imposed pulse time, the amplitude of the pulse voltage, the pulse duration, the pulse turn-off time, and lock time. Ref. [20] studied the relationship between the single RC-IGBT desaturation pulse control and the device loss (including IGBT loss, diode loss, steady state loss, dynamic loss, and total loss). Our research in this The operating characteristics of the RC-IGBT integrated diode are affected by the gate voltage, and the application of the gate voltage can change the flowing path and the recombination process of the carriers. The gate pulse voltage can affect the forward voltage drop of the integrated diode in RC-IGBT. As shown in Figure 2 , the V-I characteristic curves of the integrated diode at 25 • C and 125 • C working temperatures are given for different gate voltages. The arrow in the figure shows that the gate voltages are −15 V, 0 V, and 15 V, respectively. The greater the gate voltage, the higher the forward voltage drop across the same current level will be. In the two level PWM control, driving signal of the conventional IGBT was not considering the working state of the diode; otherwise, in the application of driving RC-IGBT, the diode conduction state should be detected to impose the low level gate voltage on the RC-IGBT for the aim of reducing the diode conduction loss [18, 19] . The operating characteristics of the RC-IGBT integrated diode are affected by the gate voltage, and the application of the gate voltage can change the flowing path and the recombination process of the carriers. The gate pulse voltage can affect the forward voltage drop of the integrated diode in RC-IGBT. As shown in Figure 2 , the V-I characteristic curves of the integrated diode at 25 °C and 125 °C working temperatures are given for different gate voltages. The arrow in the figure shows that the gate voltages are −15 V, 0 V, and 15 V, respectively. The greater the gate voltage, the higher the forward voltage drop across the same current level will be. In the two level PWM control, driving signal of the conventional IGBT was not considering the working state of the diode; otherwise, in the application of driving RC-IGBT, the diode conduction state should be detected to impose the low level gate voltage on the RC-IGBT for the aim of reducing the diode conduction loss [18, 19] . The low level gate voltage applied to the diode mode of the RC-IGBT could maintain the low diode conduction voltage drop, while the high level gate voltage could provide additional compound carriers for the diode reverse recovery to reduce the reverse recovery current. Before the reverse recovery process of the diode, a high level pulse is applied to desaturating the saturated diode temporarily. This pulse setting method is called the RC-IGBT diode desaturation control (RCDC). The desaturation pulse control is based on several key factors, such as the imposed pulse time, the amplitude of the pulse voltage, the pulse duration, the pulse turn-off time, and lock time. Ref. [20] studied the relationship between the single RC-IGBT desaturation pulse control and the device loss (including IGBT loss, diode loss, steady state loss, dynamic loss, and total loss). Our research in this The low level gate voltage applied to the diode mode of the RC-IGBT could maintain the low diode conduction voltage drop, while the high level gate voltage could provide additional compound carriers for the diode reverse recovery to reduce the reverse recovery current. Before the reverse recovery process of the diode, a high level pulse is applied to desaturating the saturated diode temporarily. This pulse setting method is called the RC-IGBT diode desaturation control (RCDC). The desaturation pulse control is based on several key factors, such as the imposed pulse time, the amplitude of the pulse voltage, the pulse duration, the pulse turn-off time, and lock time. Ref. [20] studied the relationship between the single RC-IGBT desaturation pulse control and the device loss (including IGBT loss, diode loss, steady state loss, dynamic loss, and total loss). Our research in this paper is based on the fact that the proper desaturation pulse control has been selected on the single RC-IGBT. In a switching process of RC-IGBT, the desaturation pulse control can achieve better loss suppression. Figure 3b shows the sequential logic of the desaturation pulse U ge-T1 . The T 1 turns off at the time t 0 , the diode starts to be free-wheeling, the order of the T 2 turning on is execute at the time t 1 , the desaturation pulse starts to be applied to the T 1 at the time t 2 , it stops being applied to the T 1 at the time t 3 , and the T 2 turns on actually at the time t 4 . Because the time of turning on of the T 2 cannot be predicted in advance, the gate level pulse signal of T 2 is delayed, and the delay time is t delay . The t free is the system processing time, the t desat is the desaturation pulse width, and the t lock is the dead time. Similarly, when the load current I L is reverse (outflow node), it is necessary to detect the forward conduction time of the T 1 , and to also apply the desaturation pulse to the T 2 [21, 22] .
The values of the above time have the following relationships:
t delay is determined by the three latter values.
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paper is based on the fact that the proper desaturation pulse control has been selected on the single RC-IGBT. In a switching process of RC-IGBT, the desaturation pulse control can achieve better loss suppression. Figure 3b shows the sequential logic of the desaturation pulse U′ge-T1. The T1 turns off at the time t0, the diode starts to be free-wheeling, the order of the T2 turning on is execute at the time t1, the desaturation pulse starts to be applied to the T1 at the time t2, it stops being applied to the T1 at the time t3, and the T2 turns on actually at the time t4. Because the time of turning on of the T2 cannot be predicted in advance, the gate level pulse signal of T2 is delayed, and the delay time is tdelay. The tfree is the system processing time, the tdesat is the desaturation pulse width, and the tlock is the dead time. Similarly, when the load current IL is reverse (outflow node), it is necessary to detect the forward conduction time of the T1, and to also apply the desaturation pulse to the T2 [21, 22] .
tdelay is determined by the three latter values. The loss of IGBT converter is mostly obtained by integrating the voltage and current of the actual circuit, and then obtained according to the V-I curve of the device parameter manual [23] . Figure 4 shows the current and switch status on the rectify operation of single-phase PWM rectifier. The total loss of all the devices in the half modulation period could be calculated based on the working status.
The green region corresponding to one IGBT conduction loss and one diode conduction loss, the red region corresponding to the conduction loss of two diodes, and the yellow region is corresponding to the conduction loss of two IGBTs. The dashed area corresponding to the loss of the IGBT turning off, and the solid line region is corresponding to the IGBT turn-on loss and diode reverse recovery loss. The loss of IGBT converter is mostly obtained by integrating the voltage and current of the actual circuit, and then obtained according to the V-I curve of the device parameter manual [23] . Figure 4 shows the current and switch status on the rectify operation of single-phase PWM rectifier. The total loss of all the devices in the half modulation period could be calculated based on the working status. The green region corresponding to one IGBT conduction loss and one diode conduction loss, the red region corresponding to the conduction loss of two diodes, and the yellow region is corresponding to the conduction loss of two IGBTs. The dashed area corresponding to the loss of the IGBT turning off, and the solid line region is corresponding to the IGBT turn-on loss and diode The green region corresponding to one IGBT conduction loss and one diode conduction loss, the red region corresponding to the conduction loss of two diodes, and the yellow region is corresponding to the conduction loss of two IGBTs. The dashed area corresponding to the loss of the IGBT turning off, and the solid line region is corresponding to the IGBT turn-on loss and diode reverse recovery loss.
In the half modulation cycle, IGBT conduction loss, IGBT turn-on loss, IGBT turn-off loss, diode conduction loss, and diode reverse recovery loss could be written as follows:
The total loss during a modulation cycle:
where I C (t i ) and T T_i are the average current and the conduction time of the IGBT conduction of the i-th working state; I C_on (t i ) and I C_off (t i ) are the collector currents of IGBT turn-on and turn-off time of the i-th working state, I F (t i ) and T D_i is the average current and the conduction time of the diode conduction of the i-th working state, and m is the ratio of the carrier frequency to the modulation wave frequency. The RC-IGBT loss calculation is similar to that of the conventional IGBT, including IGBT switching loss and conduction loss, diode conduction loss, and reverse recovery loss [24] . The calculation of the IGBT switching loss and conduction loss for RC-IGBT is as the same as that for conventional IGBT, without considering if the RC-IGBT worked under RCDC or not. The calculation of the diode loss of RC-IGBT under saturation control is consistent with that of the conventional IGBT diode. Under the diode desaturation control, the calculation method is similar, but the selected parameters are different according to the desaturation pulse. The loss difference between the RC-IGBT under the desaturation control and the RC-IGBT under the saturation control (the conventional IGBT) is analyzed as following. During a switching period, the difference of the IGBT turn-on loss is defined as ∆E on , the conducting loss and the turn-off loss are the same (constant, if the conventional IGBT), the difference of the diode conduction loss is defined as ∆E on _ diode , and the difference of the diode reverse recovery loss is defined as ∆E rec . Under the two control conditions, the total loss variation of RC-IGBT, ∆E tot can be expressed as:
For the convenience of calculation, the duty cycle is set 0.5, the theoretical turn-on time of the diode is half of the switching period. IGBT turn-on loss actually includes the loss caused by normal turn-on current and the loss that is caused by the superposed reverse recovery current of the corresponding diode. Under the two control conditions, the turn-on loss variation of RC-IGBT, ∆E tot can be expressed as:
where t on is the turn-on time of RC-IGBT, the reverse recovery time is t rr = t A + t B , t A , and t B are corresponding to the rise time and the fall recovery time, I RM is the peak current of the diode reverse recovery, I C is the collector current, V CE is the DC voltage, and β is the influence coefficient with the desaturation pulse, which is only related to the peak current of the diode reverse recovery, the rise time and the fall recovery time.
Under the two control conditions, the diode reverse recovery loss variation of RC-IGBT, ∆E rec can be expressed as:
The diode conduction loss under the desaturation control is less than that of the saturation control. Under the two control conditions, the diode conduction loss variation of RC-IGBT, ∆E rec can be expressed as:
where ∆V F is the difference of the diode conduction voltages under the two control conditions with different gate voltages, t des is the desaturation pulse width, and t diode_on is the diode conduction time. Figure 5 is the main circuit structure of the single-phase voltage-source PWM converter. T 1~T4 are full controlled devices, L m and R m are, respectively, an inductance and equivalent resistance of the AC side, and C d is a capacitor of the DC side. In addition, u s and i s are the grid voltage and current, and u ab and u dc are the AC side voltage and the DC output voltage, respectively [25] .
Pulse Timing of PWM Converter with RC-IGBT
diode is half of the switching period. IGBT turn-on loss actually includes the loss caused by normal turn-on current and the loss that is caused by the superposed reverse recovery current of the corresponding diode. Under the two control conditions, the turn-on loss variation of RC-IGBT, ΔEtot can be expressed as:
where ton is the turn-on time of RC-IGBT, the reverse recovery time is trr = tA + tB, tA, and tB are corresponding to the rise time and the fall recovery time, IRM is the peak current of the diode reverse recovery, IC is the collector current, VCE is the DC voltage, and β is the influence coefficient with the desaturation pulse, which is only related to the peak current of the diode reverse recovery, the rise time and the fall recovery time.
Under the two control conditions, the diode reverse recovery loss variation of RC-IGBT, ΔErec can be expressed as:
The diode conduction loss under the desaturation control is less than that of the saturation control. Under the two control conditions, the diode conduction loss variation of RC-IGBT, ΔErec can be expressed as: (11) where ΔVF is the difference of the diode conduction voltages under the two control conditions with different gate voltages, tdes is the desaturation pulse width, and tdiode_on is the diode conduction time. Figure 5 is the main circuit structure of the single-phase voltage-source PWM converter. T1~T4 are full controlled devices, Lm and Rm are, respectively, an inductance and equivalent resistance of the AC side, and Cd is a capacitor of the DC side. In addition, us and is are the grid voltage and current, and uab and udc are the AC side voltage and the DC output voltage, respectively [25] . In the implementation of energy exchange, the direction of the current of the DC voltage source flowing into the DC circuit and the direction of the DC voltage connecting to the AC side, namely the PWM converter in the converter or inverter working conditions, depending on the states of four switches in the main circuit [26] . With the traction condition as an example, Table 1 gives eight working states of the desaturation pulse logic of the single-phase PWM converter. "Conventional pulse" represents four PWM pulses of a conventional PWM converter, and "desaturation pulse" represents four pulses of an RC-IGBT PWM converter. For example, "0110" means that the gate voltages of switches 2 and 3 are high, and the gate voltages of switches 1 and 4 are low. The desaturation pulse logic of RC-IGBT saturation at each state switching point is also given in the table. For example, "3 to 1" means switching from state 3 to state 1, and the T 2 turns on and the T 1 is reverse recovery. At the same time, the T 1 is applied with a desaturation pulse.
According to the working mode of the PWM converter with RC-IGBT gate desaturation control, Figure 6 shows the desaturation control process of the single-phase PWM converter in the traction condition. The solid line boxes represent the alternating work processes of the rectification working mode and the power supply short circuit mode, while the dashed boxes represent the alternating work processes of the inverter working mode and the power short circuit mode. The letters on the arrow represent the devices, which need to be desaturated in the corresponding working mode. At this point, Energies 2017, 10, 1845 7 of 17 a desaturation pulse is applied depending on the direction of the inductor current and the state of the switch on the opposite side. The letters around the digits correspond to devices in the diode mode that need to be applied to the low drive voltage. The operating states 4 to 5 and the working states 8 to 1 will lead to an inductance current zero crossing. In other words, the full devices will switch from diode mode to IGBT mode. In addition, the desaturation control process of the PWM converter in the regenerative condition is similar to that in the traction condition. 
Loss Threshold Desaturation Control of RC-IGBT PWM Converter

Improved Predictive Current Control
Based on the predictive current control of conventional PWM converter and the criterion of inductance current, an improved predictive current control for the PWM converter, which is suitable for the RC-IGBT is obtained [27] [28] [29] [30] [31] . The conventional single-phase PWM converter is controlled by the predictive current method. In a PWM period, the inductance current satisfies the following equation:
According to the analysis of the circuit topology, the following equation is established:
* s L Figure 6 . Process of the desaturation control of single-phase PWM converter in traction.
Loss Threshold Desaturation Control of RC-IGBT PWM Converter
Improved Predictive Current Control
Energies 2017, 10, 1845
The four channels' voltage generated by the PWM generator is processed by the logic of desaturation. The relations of the gate voltages are described as Formulas (16) and (17) . u ge_des1 (t)~u ge_des4 (t) are the four gate voltages after desaturation. The ε(t) is the step function. While the current is positive, ε[i s (t)] = 1, and the current is reverse, ε[i s (t)] = 0. f delay and f des are the delay function and the desaturation processing function, respectively.
According to the above equations, the following control charts in Figure 7 are obtained:
Energies 2017, 10, 1845 9 of 18 From the analysis of every state of the PWM rectifier in Section 2.2, provided that the direction of the inductor current is determined, the working mode of each bridge arm can be accurately judged. Figure 8 shows the logic diagram of the desaturation pulse control of the PWM converter with RC-IGBT. The inputs T1, T2, T3, and T4 in Figure 8 are four conventional input signals with a dead time of 5 μs, and the inductor current, iL, is also an input. The four output signals are outputs T1, T2, T3, and T4. The direction of the input current iL is judged firstly. When its direction is forward, the pulse generations of the T1 and T2 are analyzed together. Because the T1 has been in diode mode in this process, the driving voltage of the T1 should be low. In addition to meeting the needs of the gate of the RC-IGBT in diode mode that is applied to the low voltage, the desaturation pulse must also be From the analysis of every state of the PWM rectifier in Section 2.2, provided that the direction of the inductor current is determined, the working mode of each bridge arm can be accurately judged. Figure 8 shows the logic diagram of the desaturation pulse control of the PWM converter with RC-IGBT. From the analysis of every state of the PWM rectifier in Section 2.2, provided that the direction of the inductor current is determined, the working mode of each bridge arm can be accurately judged. Figure 8 shows the logic diagram of the desaturation pulse control of the PWM converter with RC-IGBT. The inputs T1, T2, T3, and T4 in Figure 8 are four conventional input signals with a dead time of 5 μs, and the inductor current, iL, is also an input. The four output signals are outputs T1, T2, T3, and T4. The direction of the input current iL is judged firstly. When its direction is forward, the pulse generations of the T1 and T2 are analyzed together. Because the T1 has been in diode mode in this process, the driving voltage of the T1 should be low. In addition to meeting the needs of the gate of The inputs T 1 , T 2 , T 3 , and T 4 in Figure 8 are four conventional input signals with a dead time of 5 µs, and the inductor current, i L , is also an input. The four output signals are outputs T 1 , T 2 , T 3 , and T 4 . The direction of the input current i L is judged firstly. When its direction is forward, the pulse generations of the T 1 and T 2 are analyzed together. Because the T 1 has been in diode mode in this process, the driving voltage of the T 1 should be low. In addition to meeting the needs of the gate of the RC-IGBT in diode mode that is applied to the low voltage, the desaturation pulse must also be imposed to reduce the diode reverse recovery loss. Importantly, the rising edge of input T 2 should be detected, the output T 1 is obtained by the desaturation pulse procedure of input T 2 . At the same time, the output T 2 can also be obtained by delaying the input T 2 for the time t delay . Similarly, the pulse generations of T 3 and T 4 are based on the desaturation pulse procedure and the delay of input T 4 . The process of the reverse input current is treated similarly.
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Desaturation Control of Loss Decrement Threshold
In the improved predictive current control strategy with the desaturation pulse for the single-phase PWM converter, the value and direction of the inductor current are the key to RCDC control, and directly affect the working and loss characteristics of RC-IGBT. When compared to the operation at saturation mode, the loss of RC-IGBT in the RCDC control decreases. In a given modulation period, the performance of the RCDC control is closely related to the loss variation. When considering the shock of the inductor current error in zero crossing, as well as the error of the sensor detection, the RCDC control in the small current condition will lead to a mutation in the time sequence of the desaturation pulse, which in turn, may cause the bridge arm to short circuit, and pulse blockade and greater harmonic. In addition, the loss variation of the RCDC control is not obvious under the small current condition. In order to reduce the fault risk that is caused by the triggering of the desaturation pulse, and to utilize the loss suppression of large current conditions, a desaturation control scheme based on the loss decrement threshold per-unit value is proposed. According to the scheme, as compared to the RC-IGBT saturation control, the loss decrement of RC-IGBT in the RCDC control is changed little near the zero crossing of the current. The loss decrement changes largely in the moment, thus the working current is great. By setting the threshold of the loss decrement per-unit value corresponding a small current value, the RCDC control is executed when the actual per-unit value of the loss decrement is below the threshold, and is not executed when it exceeds the threshold.
We set the threshold of the loss decrement per-unit value equal to ∆E th *, when the actual per-unit value of the loss decrement is less than or equal to ∆E th *, the inductor current is corresponding to [−I Lmax , −I Lth ] and [I Lth , I Lmax ], and the RCDC control is performed. When the actual per-unit value of the loss decrement is greater than ∆E th *, then the inductor current is corresponding to [−I Lth , I Lth ] and the RCDC control is not performed. I Lmax is the peak value of the inductor current, and I Lth is the current threshold corresponding to the loss threshold. Figure 9 shows the logic block diagram of the desaturation control for the threshold of the loss decrement per-unit value corresponding to the inductance current zero-crossing threshold value. and directly affect the working and loss characteristics of RC-IGBT. When compared to the operation at saturation mode, the loss of RC-IGBT in the RCDC control decreases. In a given modulation period, the performance of the RCDC control is closely related to the loss variation. When considering the shock of the inductor current error in zero crossing, as well as the error of the sensor detection, the RCDC control in the small current condition will lead to a mutation in the time sequence of the desaturation pulse, which in turn, may cause the bridge arm to short circuit, and pulse blockade and greater harmonic. In addition, the loss variation of the RCDC control is not obvious under the small current condition. In order to reduce the fault risk that is caused by the triggering of the desaturation pulse, and to utilize the loss suppression of large current conditions, a desaturation control scheme based on the loss decrement threshold per-unit value is proposed. According to the scheme, as compared to the RC-IGBT saturation control, the loss decrement of RC-IGBT in the RCDC control is changed little near the zero crossing of the current. The loss decrement changes largely in the moment, thus the working current is great. By setting the threshold of the loss decrement per-unit value corresponding a small current value, the RCDC control is executed when the actual per-unit value of the loss decrement is below the threshold, and is not executed when it exceeds the threshold. We set the threshold of the loss decrement per-unit value equal to ΔEth*, when the actual perunit value of the loss decrement is less than or equal to ΔEth*, the inductor current is corresponding to [−ILmax, −ILth] and [ILth, ILmax], and the RCDC control is performed. When the actual per-unit value of the loss decrement is greater than ΔEth*, then the inductor current is corresponding to [−ILth, ILth] and the RCDC control is not performed. ILmax is the peak value of the inductor current, and ILth is the current threshold corresponding to the loss threshold. Figure 9 shows the logic block diagram of the desaturation control for the threshold of the loss decrement per-unit value corresponding to the inductance current zero-crossing threshold value.
For the selection of the loss threshold decrement per-unit value, one should refer to the specific environment in which the device is applied and the working current flowing through it. When the device is operating within the rated current range, the 10% peak current is selected as the current threshold ILth. 
Simulation and Experiment
Simulation Analysis
In order to verify the feasibility of the desaturation pulse control in the PWM converter with conventional IGBT, the simulation model was built in Matlab Simulink 8.6, R2015B (MathWorks, Natick, MA, USA). The controller adopted a double closed loop approach that was based on the improved predictive current control. The Table 2 shows the simulation parameters of the main circuit originated from the design parameters of the locomotive four quadrant converter of China Railway For the selection of the loss threshold decrement per-unit value, one should refer to the specific environment in which the device is applied and the working current flowing through it. When the device is operating within the rated current range, the 10% peak current is selected as the current threshold I Lth .
Simulation and Experiment
Simulation Analysis
In order to verify the feasibility of the desaturation pulse control in the PWM converter with conventional IGBT, the simulation model was built in Matlab Simulink 8.6, R2015B (MathWorks, Natick, MA, USA). The controller adopted a double closed loop approach that was based on the improved predictive current control. The Table 2 shows the simulation parameters of the main circuit originated from the design parameters of the locomotive four quadrant converter of China Railway High-speed 2 (CRH2): Figure 10 shows the models of the predictive current control of the conventional IGBT PWM rectifier and the improved predictive current control with desaturation pulses of the RC-IGBT PWM rectifier under the same simulation parameters. Figure 10 shows the models of the predictive current control of the conventional IGBT PWM rectifier and the improved predictive current control with desaturation pulses of the RC-IGBT PWM rectifier under the same simulation parameters. The simulation results are shown in Figure 11 . The output voltage u dc , the grid voltage u s and the inductor current i s are shown under different operations: (a) the conventional IGBT PWM rectifier; (b) the RC-IGBT PWM rectifier under the desaturation control of the current threshold 10%; and, (c) the RC-IGBT PWM rectifier under the all period desaturation control. It can be seen from the diagram that the three control methods can all ensure the DC output stable at 3500 V. The voltage and current of the grid keep synchronous, using fast Fourier transformation (FFT) analysis, the grid current total harmonic distortion (THDs) are 2.02% under saturation control, 2.01% under desaturation control of the current threshold 15%, and 2.01% under all period desaturation control. The system works stably in the rectifier state. According to the simulation, the average current value of the device in a switching cycle could be calculated. Referring to the device parameter manual, the total loss of a modulation cycle under rated conditions can be calculated. The following Table 3 shows the loss data of the four conditions: conventional IGBT, RC-IGBT saturation control, RC-IGBT current threshold desaturation control, and RC-IGBT full cycle desaturation control. Due to the different characteristics of the conventional IGBT, all of the partial loss and the total loss of the desaturation controlled RC-IGBT are decreased. The IGBT turn-on loss, the diode conduction loss and reverse recovery loss of the RC-IGBT under saturation control are increased. Additionally, there is no difference in the total loss between the desaturation control of the current threshold 10% and the whole cycle desaturation control. As shown in Figure 12 , the partial loss and the total loss of the system are compared under different loads. When compared to the conventional IGBT, the total loss of RC-IGBT single-phase PWM rectifier under the saturation control increases by about 5.2% under three different loads, respectively. The total loss of RC-IGBT single-phase PWM rectifier under all of the period desaturation control decreases by 11.7% under the rated load, 10.8% under the half load, and 12.5% According to the simulation, the average current value of the device in a switching cycle could be calculated. Referring to the device parameter manual, the total loss of a modulation cycle under rated conditions can be calculated. The following Table 3 shows the loss data of the four conditions: conventional IGBT, RC-IGBT saturation control, RC-IGBT current threshold desaturation control, and RC-IGBT full cycle desaturation control. Due to the different characteristics of the conventional IGBT, all of the partial loss and the total loss of the desaturation controlled RC-IGBT are decreased. The IGBT turn-on loss, the diode conduction loss and reverse recovery loss of the RC-IGBT under saturation control are increased. Additionally, there is no difference in the total loss between the desaturation control of the current threshold 10% and the whole cycle desaturation control.
As shown in Figure 12 , the partial loss and the total loss of the system are compared under different loads. When compared to the conventional IGBT, the total loss of RC-IGBT single-phase PWM rectifier under the saturation control increases by about 5.2% under three different loads, respectively. The total loss of RC-IGBT single-phase PWM rectifier under all of the period desaturation control decreases by 11.7% under the rated load, 10.8% under the half load, and 12.5% under the 1.5 times load. In other words, under the condition of a large load and high load current, the loss of the RC-IGBT under the desaturation control decreased more significantly. When the current threshold is different, the loss suppression is different. So it is necessary to adjust the setting according to the actual working conditions. under the 1.5 times load. In other words, under the condition of a large load and high load current, the loss of the RC-IGBT under the desaturation control decreased more significantly. When the current threshold is different, the loss suppression is different. So it is necessary to adjust the setting according to the actual working conditions. Figure 12 are corresponding to those of Table 3 ).
By changing the current threshold, the single-phase PWM converter is simulated under different load currents, and the average loss in the positive half cycle is calculated. Table 4 shows that the load current IL was, respectively, 0.2, 0.5, 0.8, and 1.5 IN, the percentage of the current threshold IPU (the ratio of the current threshold to the peak current) was equal to zero (complete judgment on zerocrossing), 0.1 to 0.8, 1 (saturation control), the average loss decrement per-unit value in the half cycle is ΔE* (the ratio of the difference of the average loss between the saturation control and desaturation control to saturation control). The IN is 500 A. By using the MATLAB three spline interpolation to set up the binary relation among IL, IPU and ΔE*, the three-diensional (3D) graphs of which are shown in Figure 13 . When the IPU is less than 0.1, the ΔE* does not change significantly; when the IPU is higher than 0.1, with the decrease of IPU, the ΔE* increases significantly. Taking the rated load as an example, when the IPU is 0.1, the maximum value 0.16 of ΔE* is obtained. When considering repeatability and small current low loss characteristics near the zero current of the load current, the optimal graph of the loss decrement of the PWM converter is drawn, namely IPU 10%, the curve of ΔE* and IL. In addition, Figure 13 also shows the curve of ΔE* and IPU when IL is IN. The intersection point of the two curves is the best working point of RC-IGBT single-phase PWM rectifier under rated conditions. Figure 12 are corresponding to those of Table 3 ).
By changing the current threshold, the single-phase PWM converter is simulated under different load currents, and the average loss in the positive half cycle is calculated. Table 4 shows that the load current I L was, respectively, 0.2, 0.5, 0.8, and 1.5 I N , the percentage of the current threshold I PU (the ratio of the current threshold to the peak current) was equal to zero (complete judgment on zero-crossing), 0.1 to 0.8, 1 (saturation control), the average loss decrement per-unit value in the half cycle is ∆E* (the ratio of the difference of the average loss between the saturation control and desaturation control to saturation control). The I N is 500 A. By using the MATLAB three spline interpolation to set up the binary relation among I L , I PU and ∆E*, the three-diensional (3D) graphs of which are shown in Figure 13 . When the I PU is less than 0.1, the ∆E* does not change significantly; when the I PU is higher than 0.1, with the decrease of I PU , the ∆E* increases significantly. Taking the rated load as an example, when the I PU is 0.1, the maximum value 0.16 of ∆E* is obtained. When considering repeatability and small current low loss characteristics near the zero current of the load current, the optimal graph of the loss decrement of the PWM converter is drawn, namely I PU 10%, the curve of ∆E* and I L . In addition, Figure 13 also shows the curve of ∆E* and I PU when I L is I N . The intersection point of the two curves is the best working point of RC-IGBT single-phase PWM rectifier under rated conditions. 
Experimental Results
In order to further verify the design method above, the experimental study is carried out. The grid voltage is reduced by the voltage regulator to 195 V from 220 V. The experimental parameters are Us = 195 V, fN = 50 Hz, Ud* = 350 V, and switching frequency fS = 1 kHz. The PWM converter model is made up of a half bridge switching devices for Infineon FZ1000R65KR3, and another half bridge for Infineon FZ750R65KE3 [32] . The inductance Lm is 12.8 mH and the capacitors are two parallel and two series capacitors, namely 470 μF/450 V. The digital signal processing (DSP) in the controller is Texas Instruments (TI) TMS320LF28335 (Texas Instruments (TI), Dallas, TX, USA), to mainly achieve the improved current predictive control algorithm, and the complex programmable logic device (CPLD) is ALTERA's EPM7128AETC100-7 (Altera, Silicon Valley, CA, USA) to realize the desaturation control algorithm. Figure 14 shows the test platform. The steady state experimental waveform PWM converter is under saturation control and all period desaturation control. As shown in Figure 15 , the output voltage udc under conventional control is about 350 V, which is 1.79 times the grid voltage, and the ripple voltage is small. Although the switching frequency is low, the AC side current waveform is still close to the sinusoidal waveform, with a power factor equal to 1. At the same time, under saturation control, the output voltage and output current waveform of the PWM converter are almost the same as those under saturation control. Through the grid side current waveform data are analyzed by the MATLAB FFT function, 
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Conclusions
Due to the fact that it has its own low thermal resistance and high current density, the RC-IGBT satisfied the high capacity single-phase PWM converter requirements, namely high power density and reliability. In this paper, the gate desaturation control of the diode integrated in the RC-IGBT is studied and the desaturation control of switching devices of the full bridge circuit is realized. The improved predictive current control of the PWM converter is studied. The loss decrement threshold desaturation control method applied to the RC-IGBT single-phase PWM converter is proposed. In order to avoid the desaturation pulse chaos in the current zero crossing, by setting the loss decrement threshold to limit the current threshold corresponding to the desaturation pulse applied to RC-IGBT, the operating performance of the PWM converter in low switching frequency is improved. Finally, the modeling and simulation of the PWM converter of the RC-IGBT are completed, and the simulation results confirm the effectiveness of the desaturation control. Experiments are carried out on a small power experiment platform to verify the effectiveness of the control strategy. 
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